Slow transverse relaxation of the Zn-neighbor Cu nuclear spins in YBa2(Cui_j:Zna;)40g 
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An explanation is given for the recent observation in the 
plane-site Cu nuclear quadrupole resonance (NQR) study of 
a heavily Zn-substituted YBa2(Cui_iZn2,)408 that the Cu 
nuclear spin-spin relaxation time T2G near the impurity Zn 
is longer than that away from Zn. The long T2G of the Zn- 
neighbor Cu nuclear spins results from a distant coupling be- 
tween only a few nuclear spins near Zn, which does not indi- 
cate the absence of local enhancement of the staggered spin 
susceptibility around Zn. 
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The Zn-induced local magnetic correlation in impurity 
Zn-substituted high-Tc superconductors has attracted 
great interests and brought about a lot of debates. In 
Refs.[l,2], it was debated whether the local magnetic cor- 
relation near Zn is enhanced or suppressed. Recently, 
in Refs.[3,4], it was debated whether the local staggered 
spin susceptibility is enhanced near Zn or literal local 
moments are induced. 

In Ref. [4], Williams et al. criticized our Cu NQR 
study [5] for lightly Zn-substituted YBa2(Cui_:EZn2;)408 
(Y1248), using their NQR results for heavily Zn- 
substituted samples. Williams et al. criticized the site 
assignment of the satellite Cu NQR signals to the fourth 
nearest neighbor Cu sites about Zn. Actually, we assign 
the satellite signals to the fraction of the fourth nearest 
neighbor Cu sites in Y1248 [5]. They assigned the satel- 
lite NQR signals to the first nearest neighbor Cu sites 
and claimed that the local magnetic correlation near Zn 
is not enhanced, because they observed a weak frequency 
dependence of Cu nuclear spin-lattice relaxation time Ti 
and a longer Cu nuclear spin-spin relaxation time T2G at 
the satellite than that at the main NQR signals. 

We have already reported a nonmonotonic change 
in the spin correlation from lightly to heavily Zn- 
substitution regimes [7] and the strong frequency de- 
pendence of Ti for the lightly Zn-substituted Y1248 [5]. 
Already-existing reports indicate that the absence of 
rapid enhancement of transverse relaxation rates of the 
observable nuclear spins is the characteristic of the wipe- 
out effect on Zn-substituted high-Tc superconductors 
[8-11]. The wipeout effect results from primarily a low 
frequency anomaly of the dynamical spin susceptibil- 
ity related to the Ti process but not necessarily a high 
frequency anomaly related to the static staggered spin 
susceptibility and T2g. For the heavily Zn-substituted 



Y1248, the antiferromagnetic network on the Cu02 plane 
is partly disconnected by the nonmagnetic impurities, so 
that the local magnetic correlation is also suppressed. It 
is likely that in the heavily Zn-substituted Y1248, a part 
of Zn impurities is substituted for the chain Cu site, be- 
cause we have already observed the partial substitution 
effect by the chain-site Cu NQR experiments (not shown 
here). Technically, the satellite and the main Cu NQR 
spectra may be so broad and indistinguishable in the fre- 
quency dependence of Ti for the heavily Zn-substituted 
Y1248 [6]. 

Although Williams et al. [4] criticize our model using 
binomial distribution functions [5] for being "a compli- 
cated statistical model" and the impurity-induced NMR 
relaxation theory for being "a nonunique model," these 
criticisms are irrelevant, because the model and the the- 
ory have given satisfactory results for dilute alloys and 
dilute Heisenberg systems so far. Shortcomings of these 
analyses for the high-Tc superconductors as well as the 
quantum spin systems have already been recognized and 
totally discussed before. 

In this paper, we focus on the unsolved problem in [6]; 
the reason why the slow nuclear spin-spin relaxation 
at the satellite Cu NQR lines was observed in the Zn- 
substituted Y1248 and how it is compatible with the lo- 
cal enhancement of staggered spin susceptibility around 
Zn. One should note that the literal local moments in- 
duced at the first nearest neighbor Cu site about Zn [4] is 
not compatible with the slow nuclear spin-echo decay [6] 
even if the absence of the local enhancement of the stag- 
gered spin susceptibility. Because the T-fluctuation due 
to a short Ti and the Curie magnetism must enhance the 
nuclear spin-echo decay rate. 

First, let us review how the Cu nuclear spin-spin rela- 
tion rate I/T2G is expressed by the staggered spin sus- 
ceptibility x(Q) (Q=[''''7 ■"']) ill the high-Tc superconduc- 
tors. The Cu nuclear spin-spin Hamiltonian [12,13] is 
expressed by 



H 



II 



(1) 



Here, we neglect the effect of /^-fluctuation by a short 
Ti [14]. A range function between the nuclear spins 
li and Ij [13,15] is given by 



dqA2(q)Rex(q)exp(iq ■ rij). 



(2) 
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where A{q) is the Fourier transform of the hypcrfinc cou- 
pUng constants between a nuclear and an electron spins. 
The high-Tc superconductors are considered to be quasi- 
two dimensional, nearly antiferromagnetic electron sys- 
tems. The static spin susceptibility x(q) is enhanced at 
or around the antiferromagnetic wave vector q=Q. Us- 
ing the dynamical spin susceptibility x(q>'^) [16,17], 
we obtain the range function [15] 

aij oc A'{Q)xo{Q)\ —exp{-^), (3) 

where ^ is an antiferromagnetic correlation length, Xo(Q) 
is the staggered spin susceptibility of bare electron gas, 
and x(Q)=Xo(Q)(C/9b)^/q:s^ (9b is the cut off wave 
vector, as is the exchange enhancement factor, and A 
is |52xo(q)/5q2|q=Q/xo(Q)) is given in [17]. For Y1248, 
we estimated ^ ~3.4a (a is an in-plane lattice constant) 
at 100 K [18,19]. 

For simplicity, we assume a nuclear spin 1=1/2 sys- 
tem. For the nuclear spins away from the impurities, the 
nuclear spin-spin relaxation curve E{2t) as a fimction of 
time T in a sequence of 7r/2-T-7r pulses is given by 

E{2t) = Eol[ cos(2aijT) (4) 

«£oexp[-i^5:a^], (5) 

j=i 

[12,20-22]. Using eq.(2) or (3), we obtain the square of 
the Gaussian relaxation rate of nuclear spin-echo decay 

= E<- ^ ^'(Q)Rex(Q)^ (6) 

[15,23-25]. One should note that eq. (6) is not applica- 
ble to a finite spin system, in which a few nuclear spins 
arc distantly coupled with each other, e.g. the first and 
the fourth nearest neighbor Cu spins around Zn. The 
satellite Cu NQR corresponds to such a system. Unfor- 
tunately, Williams et al. applied eq. (6) to the satellite 
Cu nuclear spin-echo decay [4,6]. 

For the first nearest neighbor Cu nuclei around Zn, we 
obtain 




where k belongs to the 1st nearest neighbor Cu sites 

around Zn. Figure 1 illustrates the Cu02 plane with an 
impurity Zn. For the fourth nearest neighbor Cu nuclei 
around Zn, we obtain 

(i4^)'-E«4. (8) 
'^^ 1=1 



where / belongs to the 4th nearest neighbor Cu sites 
around Zn. 

Not x(Q) in eq. (6) but eq. (3) should be taken into 

consideration for the first and the fourth nearest neighbor 
Cu nuclear spins. Equations (7) and (8) are the finite 
lattice sums of the square of the range function of eq. 
(3). In rough estimation of eqs. (7) and (8) from eq. (3), 
since ^ ~3.4a and assuming aoj ~ aij a^j, then about 
36 nuclear spins contribute eq. (6), whereas only 2 spins 
contribute eq. (7) and about 6 or less spins contribute 
eq. (8). Thus, we obatin 

If the satellite Cu NQR signals are assigned to the first 
nearest neighbor Cu sites as in [4] , the spin-echo modula- 
tion of cos^(2ofcir) must be observed but has never been 
reported. Thus, the slow nuclear spin-spin relaxation 
does not indic-ate the absence of the enhancement of the 
local staggered spin susceptibility around Zn but rather 
supports our site assignment of the satellite Cu NQR sig- 
nals to a part of the fourth nearest neighbor Cu sites [5] 
even for the heavily Zn-substituted Y1248. 

Eventually, the problem is how much the local stag- 
gered spin susceptibility in a^i and 0.^. is enhanced 
around Zn. The detailed measurements of T2G of the 
satellite Cu NQR signals for the lightly Zn-substituted 
Y1248 might be a theoretical constraint on modeling the 
staggered susceptibility about Zn. 

ACKNOWLEDGMENTS 

I would like to thank T. Machi and K. Yoshimura for 
their stimulating discussions. This study was supported 
by a Grant-in- Aid for Science Research on Priority Area, 

'Invention of anomalous quantum materials' from the 
Ministry of Education, Science, Sports and Culture of 
Japan (Grant No. 16076210). 



[1] H. Alloul, ,J. Bobroff, and P. Mendels, Phys. Rev. Lett. 

78, 2494 (1997). 
[2] K. Ishida, Y. Kitaoka, and K. Asayama, Phys. Rev. Lett. 

78, 2495 (1997). 
[3] M.-H. Julien, T. Tokunaga, T. Fchcr, M. Horvatic, and 

C. Berthier, Phys.Rev. B 71, 176501 (2005). 
[4] G. V. M. Williams, S. Kramer, J. L. Tallon, R. Dupree, 

and J. W. Loram, Phys. Rev. B 71, 176502 (2005). 
[5] Y. Itoh, T. Machi, C. Kasai, S. Adachi, N. Koshizuka, 

and M. Murakami, Phys. Rev. B 67, 064516 (2003). 
[6] G. V. M. Williams, and S. Kramer, Phys. Rev. B 64, 

104506 (2001). 



2 



Y. Itoh, T. Machi, N. Watanabe, S. Adachi, and N. 

Koshizuka, J. Phys. Soc. Jpn. 70, 1881 (2001). 

A. W. Hunt, P. M. Singer, A. F. Cederstrom, and T. 

Imai, Phys. Rev. B 64, 134525 (2001). 

Y. Kobayashi, T. Miyashita, M. Ambai, T. Fukamachi, 

and M. Sato, J. Phys. Soc. Jpn. 70, 1133 (2001). 

H. Yamagata, H. Miyamoto, K. Nakamura, M. Mat- 

sumura, and Y. Itoh, Physica C 388-389, 259 (2003). 

H. Yamagata, H. Miyamoto, K. Nakamura, M. Mat- 
sumura, and Y. Itoh, J. Phys. Soc. Jpn. 72, 1768 (2003). 
C. H. Pennington, D. J. Durand, C. P. Slichter, J. P. 
Rice, E. D. Bukowski, and D. M. Ginsberg, Phys. Rev. 
B 39, 274 (1989). 

C. H. Pennington and C. P. Slichter, Phys. Rev. Lett. 
66, 381 (1991). 

N. J. Curro, T. Imai, C. P. Slichter, and B. Dabrowski, 
Phys. Rev. B 56, 877 (1997). 

Y. Itoh, H. Yasuoka, Y. Fujiwara, Y. Ueda, T. Machi, 

I. Tomeno, K.Tai, N. Koshizuka, and S. Tanaka, J. Phys. 
Soc. Jpn. 61, 1287 (1992). 

A. Milhs, H. Monien, and D. Pines, Phy. Rev. B 42, 167 
(1990). 

T. Moriya, Y. Takahashi, and Y. Ueda, J. Phys. Soc. Jpn. 
59, 2905 (1990). 

Y. Itoh, J. Phys. Soc. Jpn. 63, 3522 (1994), ibid. 64, 684 
(1995). 

Y. Itoh, A. Hayashi, and Y. Ueda, J. Phys. Soc. Jpn. 64, 
3074 (1995). 

J. Ph. Ansermet, C. P. Slichter, and J. H. Sinfelt, J. 
Chem. Phys. 88, 5963 (1988). 

C. P. Slichter, Principles of Magnetic Resonance, 
( Springer- Verlag, Tokyo 1990). 

A. Abragam, The Principles of Nuclear Magnetism, 
(Clarendon Press, Oxford 1986). 

Y. Itoh, K. Yoshimura, T. Ohmura, H. Yasuoka, Y. Ueda, 
and K. Kosuge, J. Phys. Soc. Jpn. 63, 1455 (1994). 

D. Thelen and D. Pines, Phys. Rev. B 49, 3528 (1994). 
M. Takigawa, Phys. Rev. B49, 4158 (1994). 



FIG. 1. Top view of a Cu02 plane with a Zn impurity (an 
open circle). Closed circles are the Cu ions. Oxygen ions are 
omitted. The arrows indicate the pairs of nuclear spin-spin 
coupling, aik {k=l, 2) is the coupling constants between the 
first nearest neighbor Cu nuclear spins about Zn and 04; {l—l, 
2, ■ ■ •, 6) is those between the fourth nearest neighbor Cu 
nuclear spins about Zn. 
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